ABSTRACT: A procedure was developed for the rapid analysis of titanium dioxide (TiO 2 ) concentrations in feed and fecal samples. Samples were digested in concentrated H 2 SO 4 for 2 h, followed by addition of 30% H 2 O 2 , and absorbance was measured at 410 nm. Standards were prepared by spiking blanks with increasing amounts of TiO 2 , resulting in a linear standard curve. Complete analysis using this procedure can typically be accomplished within 4.5 h. This procedure was compared to a previously published dry-ash procedure
Introduction
The use of titanium dioxide has been explored in recent years as an alternative to more commonly used digestibility markers, such as chromic oxide. Titanium dioxide offers advantages over Cr 2 O 3 in that it can be legally added to an animal's diet (Titgemeyer et al., 2001) , and its use avoids concerns regarding potential carcinogenic properties of Cr 2 O 3 (Peddie et al., 1982) . Titanium dioxide has been reported to be a viable marker for total-tract digestibility in studies with rats (Krawielitzki et al., 1987) , pigs (Jagger et al., 1992) , chickens (Short et al., 1996) , dairy cows (Hafez et al., 1998) , and beef steers (Titgemeyer et al., 2001) .
The use of TiO 2 as a digesta flow marker necessitates a rapid, accurate analytical procedure for quantitative analysis. Upon reaction with H 2 O 2 , TiO 2 produces an intense orange color (Muhlebach et al., 1970) , and researchers have exploited this observation to quantify TiO 2 concentration. Njaa (1961) analyzed TiO 2 in rat 1 We gratefully acknowledge the assistance of E. Titgemeyer and his laboratory, at Kansas State University, for providing technical assistance with their analytical procedure, and J. Hess for assistance with manuscript preparation.
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for the analysis of TiO 2 in bovine fecal samples. Three sources of OM devoid of TiO 2 (a forage sample, a bovine fecal sample without Cr 2 O 3 , and a bovine fecal sample containing Cr 2 O 3 ) were spiked with graded amounts (0, 2, 4, 6, 8, or 10 mg) of TiO 2 . With our procedure, TiO 2 recoveries averaged 96.7, 97.5, and 98.5%, for the three OM sources, respectively, vs. 74.3, 83.8, and 53.1% for the same samples analyzed using the dry-ash method. These results suggest that our procedure is a rapid and accurate alternative to dry-ash procedures for the determination of TiO 2 .
feces using wet-ash digestion (Kjeldahl digest) of sample followed by addition of H 2 O 2 . Short et al. (1996) outlined a procedure for analyzing TiO 2 in chicken excreta based on modifications of the procedure of Leone (1973) for determination of TiO 2 in cheese. The Short et al. (1996) procedure was later modified by Titgemeyer et al. (2001) for analysis of TiO 2 in bovine fecal samples. However, the procedure of Short et al. (1996) , with or without the modifications of Titgemeyer et al. (2001) , failed to produce consistent and accurate results in our laboratory. Therefore, our objective was to develop a rapid and accurate analytical procedure for preparation and determination of TiO 2 concentrations in fecal samples for use as a digestibility marker for ruminants.
Materials and Methods

Procedure Development
An outline of our analytical procedure is presented in Table 1 . Briefly, the procedure includes wet-ash digestion of sample (Njaa, 1961) , followed by addition of H 2 O 2 as described by Titgemeyer et al. (2001) to produce an orange/yellow color that was subsequently read at 410 nm using a UV/Vis Spectrophotometer (DU 640, Beckman Instruments, Inc., Fullerton, CA). A standard curve was prepared by adding 0, 2, 4, 6, 8, and 10 mg of TiO 2 to tubes without OM, and analyzed as described for samples. The standard containing 0 mg of TiO 2 is used to zero the instrument. We observed that the back- to blank tubes (no OM) that are prepared as described above. Use the 0-mg standard to zero the instrument.
ground readings (sample blanks) were slightly greater for fecal samples than for other sources of OM, such as forage samples. Therefore, we suggest that the same type of OM (devoid of any known TiO 2 ) as that being analyzed be used for background correction. Alternatively, standards could be prepared in the same matrix as samples rather than including sample blanks for background correction, as long as independent standards for each type of sample being analyzed are prepared. However, including sample blanks as described herein will further adjust for any potential variation in background between assays. Samples are analyzed gravimetrically (100 g) as opposed to a volume basis because gravimetric comparisons in our laboratory (data not shown) produced more accurate and repeatable results than volumetric measurement. Although any variation in residual ash content of samples (or ammonium sulfate from digestion of protein) will contribute to the final weight, this effect should be negligible and less than the variation observed in samples analyzed volumetrically. Figure 1 depicts a typical standard curve established using this procedure. Linearity was maintained up to 10 mg TiO 2 /100 g, the maximum concentration we studied. Higher levels of TiO 2 were not tested because the 0 to 10 mg/100 g range included the expected range of TiO 2 in fecal samples used in the 
Validation Experiment
An experiment was conducted to evaluate the ability of our procedure to accurately quantify the amount of TiO 2 added to samples. Three sources of OM (devoid of added TiO 2 ) included a forage sample (bromegrass hay; 13.7% CP, 58.3% NDF, 41.5% ADF; DM basis), a fecal sample obtained from a grazing beef cow, and a fecal sample obtained from a beef heifer fed forage and dosed with 10 g/d Cr 2 O 3 (0.2% Cr). Fecal samples without and with Cr 2 O 3 were tested to determine whether Cr 2 O 3 would interfere with the colorimetric procedure. For each source of OM, six tubes each of sample blanks (with no TiO 2 added), and 2, 4, 6, 8, and 10 mg added TiO 2 per tube were analyzed as previously described. Results of this experiment were subsequently compared to those obtained using the same samples and treatments analyzed using the procedure of Short et al. (1996) as modified by Titgemeyer et al. (2001) . For analysis, the dependent variable (analyzed concentration) was regressed against the independent variable (TiO 2 added) using the REG procedure of SAS (SAS Inst. Inc., Cary, NC). For each TiO 2 procedure, the six tubes containing 0 mg of TiO 2 per tube were used for background correction, and thus only 30 samples for each OM to which TiO 2 was added were included in the regression. The slopes of the three regression lines of both procedures were then tested for difference from 1.0 using the TEST statement within PROC REG. Recoveries of TiO 2 (% of TiO 2 added) from tubes with added TiO 2 were analyzed as a completely randomized design with a factorial arrangement of treatments using the GLM procedure of SAS (SAS Inst. Inc.). The model included the effects of analytical procedure, source of OM, and the procedure × source of OM interaction; least squares means were separated using Fisher's protected LSD.
Results and Discussion
Procedure Development
Digested samples had a blue-green color immediately following removal from heat that faded upon cooling to room temperature. This color presumably reflects mineral (CuSO 4 ) of the catalyst used in the digestion process. Upon addition of 30% H 2 O 2 , reagent blanks remained blue, but spiked samples ranged from a medium intensity green for lesser amounts of TiO 2 to an intense orange color with a green hue for higher amounts of TiO 2 . A substance is said to have an absorption spectrum in the region in which it is absorbing light (Robyt and White, 1990) . In performing a wavelength scan using a 10 mg/100 g standard, we were able to determine a maximum absorbance at 406 nm, which is slightly lower than the 410 nm wavelength specified in the dry-ash procedure. However, the average difference in absorbance when the same standard was read at 406 vs. 410 nm was 0.0017, which is within the normal analytical variation associated with our spectrophotometer. Accordingly, a wavelength of 410 nm was used for our procedure in an effort to maintain consistency with the dry-ash procedure. The presence of green in the solution should not interfere because orange and green absorb light at opposite ends of the visible spectrum. Moreover, any interference should be obviated by preparing the standards in the same manner as the samples. Mixing of TiO 2 and H 2 O 2 most likely forms H 4 TiO 5 (pertitanic acid; Snell and Snell, 1949) . However, Vogel et al. (1989) suggested that the TiO 2 (SO 4 ) 2 -ion was formed, and both compounds may be present with the initial reaction forming H 4 TiO 5 that dissociates into the TiO 2 (SO 4 ) 2 -ion, forming the orange color. Muhlebach et al. (1970) reported that the color of the TiO 2 /H 2 O 2 reaction is orange below pH 1, turns yellow around pH 3, and gradually dissipates as pH rises into the alkaline region. The pH of samples analyzed using our procedure ranged from 0.30 to 0.44. We found that the color remained stable for at least 9 wk; this agrees with Snell and Snell (1949) , who reported that the color is stable for 2 yr. This increases flexibility in laboratory protocol, as samples can be read immediately or stored for several weeks.
Procedure Validation
Results of our validation experiment are shown in Figures 2, 3 , and 4. For each source of OM, our procedure closely quantified the amount of TiO 2 present. The slopes of the regression lines approaching 1.0 with our procedure confirmed earlier work in our laboratory indicating that this procedure correctly determined the concentration of TiO 2 in a sample. This high degree of linearity was not observed when samples were dry ashed. Regression lines had lower slopes when using the dry-ash procedure; this was expected based on previous work in our laboratory in which we were unable to obtain accurate and repeatable measurements of TiO 2 . However, slopes differed (P ≤ 0.006) from 1.0 for our procedure, but only because the CV associated with our regression lines were quite small (1.3 to 2.4%). The dryash procedure gave a slope for the fecal sample without Cr 2 O 3 that did not differ (P = 0.06) from 1.0, but the CV associated with that slope was large (36.0%). Slopes Figure 2 . Regression of the TiO 2 -spiked forage samples analyzed with the new procedure and the dry-ash procedure of Short et al. (1996) as modified by Titgemeyer et al. (2001) . Regression equations for our procedure (◆) and the dry-ash procedure (ᮀ) were y = 0.002(± 0.032) + 0.971(± 0.005)x, and y = 0.290(± 0.848) + 0.685(± 0.128)x, respectively. The r 2 values were 0.999 for the new procedure and 0.506 for the dry-ash procedure.
for the other two OM samples analyzed with the dryash procedure differed (P ≤ 0.008) from 1.0, and similarly had large CV. Likewise, the y-intercepts with our procedure were much closer to the ideal of 0, averaging 0.057 ± 0.049, whereas y-intercepts with the dry-ash procedure were higher and more variable, averaging 0.188 ± 0.902. For our procedure, analytical precision appeared to diminish as the amount of TiO 2 increased Figure 3 . Regression of the TiO 2 -spiked fecal samples analyzed with the new procedure and the dry-ash procedure of Short et al. (1996) as modified by Titgemeyer et al. (2001) . Regression equations for the new procedure (◆) and the dry-ash procedure (ᮀ) were y = 0.098(± 0.053) + 0.953(± 0.008)x, and y = 0.426(± 0.780) + 0.772(± 0.118)x, respectively. The r 2 values were 0.998 for the new procedure and 0.606 for the dry-ash procedure. Short et al. (1996) as modified by Titgemeyer et al. (2001) . Regression equations for our procedure (◆) and the dry-ash procedure (ᮀ) were y = 0.071(± 0.061) + 0.973(± 0.009)x, and y = −0.154(± 1.078) + 0.539(± 0.163)x, respectively. The r 2 values were 0.998 for the new procedure and 0.282 for the dry-ash procedure.
(8 or 10 mg of TiO 2 ). Averaged across the three sources of OM, the standard deviation across the six observations increased from 0.061 for samples containing 2 mg added TiO 2 to 0.188 for those containing 10 mg added TiO 2 . Although this increase in variation remained within acceptable limits (less than 5% CV), ideal sample concentrations may be below 6 mg/100 g for optimum precision.
Recoveries of TiO 2 spiked into the three OM sources and analyzed with both procedures are presented in Table 2 . Our procedure provided acceptable recoveries of TiO 2 (average recovery = 97.56%), whereas the dryash procedure yielded lower (P < 0.001) and more variable recoveries (average recovery = 70.39%). Furthermore, the source of OM did not influence (P < 0.74) the recovery of TiO 2 when using our procedure. However, recoveries using the dry-ash procedure were lower (P < 0.001) for fecal samples containing Cr 2 O 3 than for the other two sources of OM. The lower and more variable Short et al. (1996) as modified by Titgemeyer et al. (2001) . recoveries obtained using the dry-ash procedure may be related to our inability to completely solubilize the ashed sample in H 2 SO 4 . In the modified procedure described by Titgemeyer et al. (2001) , samples were boiled for approximately 1 h over medium heat until completely digested (E. Titgemeyer, Kansas State University, personal communication). However, we experienced difficulty getting the samples to boil, and most often samples would only boil for approximately 20 to 25 min. Increasing the temperature in an effort to enhance boiling proved ineffective and increased evaporative loss. The inadequate boiling and solubilization of minerals may be related to the high altitude (2,200 m above sea level) of our laboratory, hindering the ability of samples to boil as necessary. Thus, incomplete extraction of TiO 2 may explain our low recoveries and the large variation between samples.
Recoveries of TiO 2 were lower (P < 0.001) for the dry-ash procedure than for our procedure for all three sources of OM. The fecal sample containing Cr gave the lowest mean recovery (53.06%) and largest CV (81.8%) among the three OM samples. This may reflect interference from the Cr, possibly hindering the boiling process or disrupting the colorimetric assay readings. Vogel et al. (1989) reported that Cr interfered with colorimetric analysis of TiO 2 . However, our procedure gave similar regression lines (Figures 3 and 4) and recovery values (Table 2 ) from fecal samples with or without Cr 2 O 3 present. This agrees with Snell and Snell (1949) , who reported that Cr in amounts up to 1% (which is below typical Cr concentrations in digesta samples from animals dosed with Cr 2 O 3 ) would not interfere with the assay. Our procedure should permit researchers to use both markers simultaneously to estimate digestibility in research animals.
In addition to an accurate analysis, our procedure provides researchers with rapid analysis for TiO 2 . The average time to complete analysis is under 4.5 h in our procedure, with 2 h for digestion, 1 h for cooling, and 1 to 1.5 h for processing and reading. The Short et al. (1996) procedure, as modified by Titgemeyer et al. (2001) , requires dry ashing for 13 h, a 1-h digestion, and subsequent processing of samples. Our procedure increases flexibility in laboratory practices by not requiring that samples be ashed the night before analysis.
Implications
The procedure outlined herein provides researchers with a rapid analytical method for the analysis of titanium dioxide concentrations in digesta samples. As compared to previous digestion and analysis procedures, this method facilitates further exploration of the use of titanium dioxide as an alternative marker for site and extent of digestion studies with ruminants.
